ZnO nanostructures were grown on c-plane sapphire substrate in an oxygen and nitrogen gas environment at 1000°C by thermal evaporation of Zn powder without using catalyst. The ZnO nanostructures were synthesized at different O 2 /N 2 ratios in order to investigate the effect of O 2 /N 2 ratio in ambient gas on the morphology, crystal structure and cathodoluminescence of ZnO nanostructures. No nanostructures were grown on the substrate in a N 2 environment. As the ratio of O 2 to N 2 increased, ZnO nanostructures with wire shape began to be grown on the substrate. In addition, tilted nanowires, which were grown with tilt angles with respect to the substrate plane, were observed. With further increasing the ratio of O 2 to N 2 , the size of nanostructures increased. The intensity of visible emission in CL spectra increased with the increase in the ratio of O 2 to N 2 .
Introduction
ZnO is a semiconductor with a wide band gap of 3.37 eV and a large exciton binding energy of 60 meV, which ensures an efficient ultraviolet (UV) excitonic emission under low excitation intensity even at room temperature (RT). Its excellent optical and electrical properties make ZnO a promising material for applications in UV light emitting devices, photo detectors, electron field emitters, gas sensors and solar cells.
On the other hand, semiconductor nanostructures have attracted great interest due to their unique physical and chemical properties, and potential applications in nanoelectronics and nano-photonics. Among them, the nanostructures of ZnO semiconductor is particularly promising for the applications in nanodevices and nanosystems including nanolasers, nanosensors, nanocantilevers, transistor and nanoresonators.
Sapphire substrate has been widely used in the growth of ZnO nanostructures and thin films owing to its high crystalline perfection, high stability at high temperature and transparency. So far, ZnO nanostructures have been synthesized on sapphire substrates by various methods, including sputtering, 1) metal organic chemical vapor deposition, 2) hydrothermal method 3) and thermal evaporation. 4) Among these methods, the thermal evaporation method has been widely employed because of low cost and simplicity. In thermal evaporation method, the morphology and phase structure of oxide nanostructures also depend on carrier gas (ambient gas). The synthesis process in thermal evaporation method generally has been carried out using O 2 and N 2 (or Ar) as reactant and carrier gas.
In this paper, we report on the effect of the O 2 /N 2 ratio on the morphology and the luminescence property of ZnO nanostructures. In addition, the epitaxial relationship between ZnO nanostructures and sapphire substrate was studied.
Experimental Procedure
Zn powder with a purity of 99.99% was used as the source material for synthesizing ZnO nanostructures on c-plane sapphire substrate. The Zn powder was put in an alumina boat and the sapphire substrate was placed at the downstream end of the boat with a distance of 20 mm away from Zn powder. Then the alumina boat containing the Zn power and the substrate was inserted into an alumina tube furnace and placed in the center of the furnace. Before the process, the alumina tube was evacuated to a base pressure of 1.33 © 10 Pa by a rotary pump. Then N 2 and O 2 gas were introduced into the furnace until it reached a pressure of 1.33 © 10 3 Pa. Subsequently, the furnace was heated to 1000°C and kept at this temperature for 1 h. After the oxidation process, the furnace was turned off and cooled to room temperature. The ratio of O 2 /N 2 was changed in the wide range of 0/100, 25/75, 50/50, 75/25 and 100/0.
The morphology of the as-synthesized product was observed by scanning electron microscope (SEM) equipped with energy dispersive X-ray (EDX) spectroscope. The crystal structure was studied by X-ray diffractometry (XRD) with Cu K ¡ radiation. The components were investigated by the EDX. The cathodoluminescece (CL) properties were characterized at room temprature by CL spectroscopy. 
Results and Discussion
where N is the nucleation density, T is growth temperature, A is a constant, and ¦G * = ¦G v + ¦G s is the activation energy of nucleation. ¦G v is the volume free energy and ¦G s is the surface free energy. ¦G v is related to the oxygen concentration as:
. Thus ¦G v increases with the decrease in oxygen concentration, which leads to the increase in the activation energy of nucleation. As a result, it is difficult to nucleate ZnO on the substrates. As the O 2 /N 2 ratio increases to 50/50, nanostructures with wire shape are found. The diameters of the nanowires are in the range of 50 120 nm with a length of 600 nm. The nanowires are in high density and uniform on a large area. In particular, it should be noted that the nanowires were grown in three directions with tilt angles with respect to the substrate plane. For the product prepared at a O 2 /N 2 ratio of 75/25, the diameter of the nanowires increases to about 300 nm. When the O 2 /N 2 ratio is 100/0, the diameter of the nanowires further increases to about 500 nm. XRD measurement was carried out in order to identify the component and crystal structure of the nanostructures. XRD patterns were taken for the products prepared at the O 2 /N 2 ratios of 0/100, 50/50, 75/25 and 100/0. Figure 3 shows the XRD patterns of the products. All the diffraction peaks are well indexed to the standard hexagonal wurtzite structure of ZnO (JCPDS 36-1451). For the product prepared at a O 2 /N 2 ratio of 0/100, ZnO was not formed on the substrate. When the O 2 /N 2 ratio is 50/50, a remarkably strong ZnO (002) diffraction peak is observed. The observation of the strong (002) peak indicates that the ZnO nanowires grown on the c-plane sapphire substrate are highly oriented in the c-axis direction. While a weak ZnO (101) peak as well as ZnO (002) peak is observed at the O 2 /N 2 ratios of 75/25 and 100/0. For all the products, no peaks related to unreacted Zn or impurities are found in the spectra.
The components of ZnO were examined by EDX. Figures 4(a)(e) show the EDX patterns of the ZnO synthesized at different O 2 /N 2 ratios, 0/100, 25/75, 50/50, 75/25 and 100/0. The EDX analysis reveals that no ZnO was formed on the substrates under the conditions of O 2 /N 2 gas ratios of 0/100, 25/75, whereas ZnO with high purity was synthesized on the substrates when the O 2 /N 2 ratios were more than or equal to 50/50.
Let us consider the epitaxial relationship between the substrate and the nanowires. Figure 5 shows a high ZnO (002) ZnO (101 G.-H. Leewas not observed. When the O 2 /N 2 ratios are higher than or equal to 50/50, there are two emission peaks: ultra-violet (UV) emission peak at 380 nm and green emission peak at 510 nm. It is known that the UV emission originates from a recombination of free excitons 6) and green emission is related to singly ionized oxygen vacancies 7) and (or) antisite oxygen atoms. 8) As shown in Fig. 6 , the intensity of green emission peak increases with the increase in the ratio of O 2 to N 2 , which indicates that more oxygen defects exist in the ZnO nanostructures. The growth rate of ZnO crystals will increase with increasing the oxygen content and ZnO adatoms onto the surface of ZnO crystals do not have sufficient time to diffuse to thermodynamically stable sites on the surface of ZnO crystals. Consequently, this leads to an increase of structural defect density in the crystals.
On the other hand, no metal catalyst droplets were observed on the tips of the nanowires. This suggests that the ZnO nanowires were grown via the vapor-solid mechanism.
Conclusions
When the O 2 /N 2 ratios in ambient gas were higher than or equal to 50/50, ZnO nanowires were grown on c-plane sapphire substrates via thermal evaporation of Zn powder. At the O 2 /N 2 ratios of less than 50/50, no ZnO products were formed on sapphire substrates. The ZnO nanowires were grown preferentially along the c-axis direction on the c-plane sapphire substrate, indicating the epitaxial growth of the ZnO nanowires on the c-plane sapphire substrates. On the other hand, a large number of the nanowires titled to the substrate surface were observed. The tilted nanowires had the rotation of 120°to one another, from which it was found that the wires grew in three preferred orientation with ZnO(0001) ¬ Al 2 O 3 ð10 " 14Þ. The intensity of the green emission related to oxygen defects increased with increasing the O 2 /N 2 ratio.
